The impacts of changing climate regimes on emergent processes controlling the assembly of ecological communities remain poorly understood. Human alterations to the water cycle in the western United States have resulted in greater interannual variability and more frequent and severe extremes in freshwater flow. The specific mechanisms through which such extremes and climate regime shifts may alter ecological communities have rarely been demonstrated, and baseline information on current impacts of environmental variation is widely lacking for many habitats and communities. Here, we used observations and experiments to show that interannual variation in winter salinity levels in San Francisco Bay controls the mechanisms determining sessile invertebrate community composition during the following summer. We found consistent community changes in response to decadal-scale dry and wet extremes during a 13-year period, producing strikingly different communities.
mechanisms through which such extremes and climate regime shifts may alter ecological communities have rarely been demonstrated, and baseline information on current impacts of environmental variation is widely lacking for many habitats and communities. Here, we used observations and experiments to show that interannual variation in winter salinity levels in San Francisco Bay controls the mechanisms determining sessile invertebrate community composition during the following summer. We found consistent community changes in response to decadal-scale dry and wet extremes during a 13-year period, producing strikingly different communities.
Our results match theoretical predictions of major shifts in species composition in response to environmental forcing up to a threshold, beyond which we observed mass mortality and wholesale replacement of the former community. These results provide a window into potential future community changes, with environmental forcing altering communities by shifting the relative influences of the mechanisms controlling species distributions and abundances. We place these results in the context of historical and projected future environmental variation in the San Francisco Bay Estuary.
K E Y W O R D S
climate change, community assembly, disturbance, droughts, estuaries, extreme events, salinity, storms 1 | INTRODUCTION Climatic extremes are widely projected to increase in frequency and severity due to global climate change (IPCC, 2007; Jentsch, Kreyling, & Beierkuhnlein, 2007; Karl, Melillo, & Peterson, 2009 ), yet both mechanisms and consequences of possible changes in ecological communities remain poorly understood (Diez et al., 2012; Parmesan, 2006; Smith, 2011) . Research on climate change impacts has most often considered single species responses to changes to mean climatic conditions (Diez et al., 2012; Parmesan, 2006) although there is increasing recognition that the ecological consequences of climatic extremes can be more important (Easterling et al., 2000; Stenseth et al., 2002; Thibault & Brown, 2008) . In addition, the effects of changing climatic conditions on interspecific interactions can have broad-reaching impacts (Harley, 2011) . Assessing mechanisms of community-level impacts of extremes is challenging because such events are relatively rare, coupled long-term biological and physical datasets are required, and ecological impacts are complex and context-dependent (Cloern & Jassby, 2012; Cloern, Jassby, Thompson, & Hieb, 2007; Dijkstra, Westerman, & Harris, 2011; Smith, 2011; Stenseth et al., 2002; Thibault & Brown, 2008) . For most systems, we therefore still have little information regarding the magnitude, type, or combination of climate extremes that may result in significant community or ecosystem-level responses (Smith, 2011) .
Transition or "tipping" points along gradients of environmental conditions have long been recognized as important features for understanding shifts in community and ecosystem composition and function (e.g., Scheffer & Carpenter, 2003; Smith, 2011) . The thresholds for such tipping points must be identified and the change mechanisms elucidated to make predictions, understand likely impacts, and generalize more broadly among systems (Smith, 2011) . Critically, these biological and ecological shifts can be driven both by extreme abiotic events and mid-range shifts in environmental conditions that move the system beyond a transition point, leading to successional shifts and community replacement on short-to-long timescales (Smith, 2011) . Extreme hydrologic conditions-both wet and dry-are one type of driving force that has been correlated with shifts in species composition, diversity, and functional attributes in a variety of terrestrial and aquatic habitats (e.g., MacGinitie, 1939; Thibault & Brown, 2008) .
In the already parched climate of arid regions such as the western United States and their associated estuarine systems, dry and wet extremes are projected to occur with increasing frequency relative to today's conditions, driven by human alterations to climate and exacerbated by water management practices (Barnett et al., 2008; Das, Dettinger, Cayan, & Hidalgo, 2011; Diffenbaugh, Swain, & Touma, 2015) . In San Francisco Bay (California, USA) and other estuaries, variation in freshwater flow is a key determinant of salinity, an important environmental variable that affects many estuarine and marine species (Attrill, 2002; Kimmerer, 2002) . Relatively little is known about the thresholds at which such climate-and management-driven fluctuations in the water cycle may impact community assembly processes in downstream, estuarine ecosystems, which include critical habitats and provide many ecosystem services (Lotze et al., 2006; Nichols, Cloern, Luoma, & Peterson, 1986) .
We use both observational and experimental data from northeastern San Francisco Bay to identify environmental thresholds for community change, demonstrating that decadal-scale extremes in wet and dry climatic conditions during a recent 13-year period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) drive dramatic shifts in the composition and abundance of sessile marine invertebrate communities. The study included two wetter winters (2006, 2011) and two major droughts (2007-2009 and 2012-2013) (Figure 1 ). Sessile invertebrate fouling communities have long been used as model systems for community ecology (e.g., Stachowicz, Fried, Osman, & Whitlatch, 2002; Sutherland, 1974) and are an ideal study system for examining the community-level influence of environmental changes, as they have high diversity on small spatial scales, are experimentally tractable, and can be sensitive to environmental conditions. Fouling taxa include a wide taxonomic diversity of groups such as tunicates, bryozoans, barnacles, mussels, hydroids, and sponges, and readily colonize natural and artificial hard surfaces underwater, allowing easy examination using experimental substrates. Changes to water quality can greatly affect the composition and structure of these invertebrate communities (e.g., Crooks, Chang, & Ruiz, 2011; Goodbody, 1961; MacGinitie, 1939) , potentially altering ecosystem function via water filtration capacity, space availability, and a wide spectrum of ecological interactions.
Although the composition of estuarine benthic communities is well described in some locations for habitats such as soft sediment infauna and seagrass habitats, detailed information on associated environmental conditions is often sparse (with some exceptions; e.g., Attrill, 2002; Van Diggelen & Montagna, 2016) . Experimental tests of associations and potential mechanisms driving community change are even less common, even in cases where there is associated environmental information available. Consequently, the conditions that mark thresholds, or tipping points, for shifts between community types remain virtually unknown for many habitats, including both estuarine and non-estuarine systems (Smith, 2011) .
The geographic patterning of diversity in estuarine communities is sometimes described as a function of salinity variation along the axis of the estuary (e.g., Attrill, 2002; Van Diggelen & Montagna, 2016) , with particular community types occurring in characteristic locations along this gradient. One paradigm of estuarine ecology holds that communities may shift upstream and downstream in response to variation in freshwater flow input or oceanic influence (e.g., Attrill, Power, & Thomas, 1999; Attrill & Thomas, 1996; Pollack, Kim, Morgan, & Montagna, 2011; Van Diggelen & Montagna, 2016) .
Such predictions suggest that communities will simply shift downstream in response to a flood or upstream in response to dry conditions, although the timescale of this variation is not well described. In addition, most existing studies are observational in nature, and the processes and mechanisms of community change for organisms such as sessile invertebrates are rarely examined in detail (but see e.g., Ritter, Montagna, & Applebaum, 2005) . Species with complex life cycles -with both a planktonic and a sessile phase-do not exhibit the same patterns of change as species that spend their entire lives in the water column (e.g., plankton) (Laprise & Dodson, 1993) , indicating that different patterns of response are likely for organisms with different life histories. Critically, sessile invertebrates, with sessile adults and a planktonic larval phase, cannot simply swim upstream or downstream in response to altered conditions. The maintenance of a population at a given geographic location following high adult mortality is thus dependent on larval recruitment, which at a minimum requires live adults in reproductive condition in sufficient proximity to allow dispersal to the location in question. For organisms with somewhat longer dispersal durations such as the eastern oyster Crassostrea virginica, recolonization in such situations may be relatively swift (e.g., Pollack et al., 2011) . But the orders-of-magnitude variation in larval dispersal abilities among sessile invertebrates (e.g., Kinlan & Gaines, 2003) , along with possibly wide variation in tolerance for extreme conditions, adds much uncertainty to the spatial and temporal dynamics of recolonization for depauperated areas.
Previous work has suggested that variation in environmental stress could shift the importance of different processes controlling community assembly (e.g., Menge & Sutherland, 1987; Smith, 2011) , e628 | so we predicted such salinity-driven shifts in sessile invertebrate community assembly. We hypothesized that during transitions in winter-spring salinity regimes from drier to wetter years, community composition would reflect salinity-driven limitation of the survival and recruitment of common species. Specifically, as low-salinity stresses on the community increased during wetter years, survival and subsequent recruitment of previously dominant species would be reduced, affecting subsequent community composition. Conversely, we hypothesized that during drier years, high survival and recruitment of key species would ensure continued dominance by those species.
We first examined several time series of sessile invertebrate community composition, abundance, and recruitment for abrupt transitions between community states. Second, we correlated the occurrence of these states with temperature and freshwater outflow to assess patterns of compositional change, recruitment, and survival in different climatic conditions. Third, we experimentally tested the effects of salinity conditions associated with wet and dry climatic extremes on community assembly to determine how low-salinity exposure and subsequent recruitment affected community composition and abundance. Finally, we place these recent extremes in context with a comparison to historical and projected future conditions. Our results show striking community shifts linked to salinity conditions, especially driven by survival during the winter season and subsequent recruitment.
| MATERIALS AND METHODS

| Study site
The San Francisco Bay estuary (California, USA) is one of the largest estuaries on the Pacific Coast of North America, and is an excellent example of a highly urbanized estuary. The regional climate regime is Mediterranean, with dry summers and relatively wetter winters (Conomos, 1979) . The estuary receives freshwater from a watershed that drains 40% of California, principally through the SacramentoSan Joaquin River Delta into San Francisco Bay, exiting through the Golden Gate into the Pacific (Conomos, Smith, & Gartner, 1985) .
The estuary is highly modified; previously marshy shorelines have been drained and filled, and over half the mean annual freshwater flow is diverted for agriculture and drinking water, with major effects on water quality throughout the estuary (Nichols et al., 1986) . Salinity in the San Francisco Bay estuary is highly dynamic due to the strongly seasonal precipitation regime (lowest in summer; highest in winter) and interannual variation in winter precipitation (Conomos, 1979) . Summer and fall salinity levels are consistently highest and most stable on a weekly-to-monthly basis due to low streamflow and water diversions, and these summer-fall salinity levels are projected to increase as climate change and growing human population demands further decrease mean freshwater flows (Cloern et al., 2011 ). In contrast, daily, weekly, and monthly average winter and spring salinity varies significantly from year to year, with warming temperatures causing more precipitation to fall as rain instead of snow, leading to greater winter flood peaks (Dettinger, 2005; Knowles & Cayan, 2002) . Barring major changes in water management practices, these flood peaks are not likely to be captured or otherwise significantly reduced by reservoirs or water use changes (Enright & Culberson, 2010) . Significant shifts in the prevailing climate regime are expected due to climate change, including generally warmer temperatures and an increase in the magnitude and frequency of winter flooding despite a decrease in overall average precipitation (Cloern et al., 2011; Das, Maurer, Pierce, Dettinger, & Cayan, 2013 close to the mouth of the estuary, water quality conditions at Richmond are relatively marine, yet are also susceptible to strong influence from heightened freshwater discharge in wetter winters.
Monthly surveys measured sessile invertebrate recruitment, 3-month summer surveys examined community development during the summer, and two longitudinal studies assessed changes in community development over time.
We used 14-cm 9 14-cm 9 0.5-cm square gray PVC panels as passive recruitment collectors, distributed throughout the study site using a stratified-random design with five spatial blocks. were analyzed for species composition and percent cover. To estimate percent cover of dominant taxa, a grid of 100 points was placed over each panel and the taxon attached to the panel at each point (the "primary" cover organism) was identified to the lowest possible taxonomic level using a dissecting microscope. If other organisms were growing on top of the primary cover organism at a point, these "secondary cover" organisms were identified and recorded. Total percent cover was the sum of primary and secondary cover and could thus exceed 100%. A complete species inventory was then taken, removing organisms from the panel as necessary to ensure accurate identification. Organisms were identified to the lowest level possible, usually species, using general taxonomic references for the region (e.g., Carlton, 2007; Kozloff, 1996) and in consultation with taxonomic specialists.
Three-month studies of sessile invertebrate community development were conducted during the summer months of June to September each year from 2001 to 2013. Panels were left in place for 12-14 weeks, then retrieved and examined as described above.
Longitudinal panels were deployed in two sets: the first was 
| Winter storm simulation experiment
The goal of this experiment was to directly examine how low-salinity tolerance among existing community members and ongoing recruitment contribute to community assembly in the face of different winter salinity regimes. Panels were deployed initially in the field at Richmond, CA in December 2006 (the beginning of a major 3-year drought in California). A community developed on the panels for 6 weeks, after which the panels were brought into the laboratory and exposed to one of three salinity treatments or levels, mimicking observed wet, moderate, and dry winter conditions. Treatment salinities and durations were chosen based on average minimum daily salinities recorded by the Of the initial set of panels, a set of control communities remained deployed in the field for the duration of the laboratory portion of the experiment, and until April 2007. An additional set of blank panels was also deployed when the experimental communities were returned to the field (i.e., after laboratory treatments), to measure subsequent recruitment. All communities were photographed immediately before and after experimental treatments and at 8 weeks following re-deployment to track community changes. Images were analyzed as described above for longitudinal panels, and spotchecked against live analyses using a dissecting microscope.
| Temperature measurements
We monitored temperature at 1 m depth at Richmond Marina using 
| Salinity measurements
We used measurements of freshwater outflow entering San Francisco Bay as a proxy for in-situ salinity at the study site because a 
| Statistical analyses
We examined natural patterns of summer community similarity across years using clustering analyses and multivariate ordinations to find breakpoints in community composition states. We constructed a Bray-Curtis dissimilarity matrix of square-root-transformed percent cover data for each taxon on each panel at every timepoint. A square-root transformation was chosen to reduce the effect of extremely abundant taxa while simultaneously emphasizing the effects of rare taxa. We classified the dissimilarity matrices via hierarchical agglomerative clustering using the unweighted pair group method with arithmetic means and tested the reliability of these clusters using 10,000 bootstrap resampling replicates of the dissimilarity matrix. This was accomplished using a version of the pvclust package (Suzuki & Shimodaira, 2015) in the R Environment for Statistical Computing (R Core Team, 2015) modified to use Bray-Curtis dissimilarity. SIMPER, a similarity percentage procedure, was used to ascertain which species were most responsible for significant groupings identified in the cluster analyses.
Using the classification of years resulting from cluster analysis as a predictor variable, we used ANOVA to test whether these community groupings corresponded to significant differences in temperature and salinity across years. We examined average summer conditions (June to October, i.e., during summer community settlement and development) as well as during the preceding winter-to-spring (February to May). Since both the magnitude and duration of conditions are important in determining ecological effects such as mortality, reproduction, settlement, and growth, we used mean daily conditions averaged over the period of interest (summer or winterspring).
We then determined whether recruitment regimes differed across years in a manner consistent with summer community composition. To do this, we computed average monthly abundances of species observed on monthly recruitment panels for each year during the summer period, and during the winter-spring period. We calculated Bray-Curtis dissimilarity matrices for each period in each year in the same manner as for summer communities. Using PERMA-NOVA, we then tested how much variation in these matrices of recruitment composition was attributable to the groups identified in the cluster analyses of summer community similarity. PERMANOVA is a permutational procedure for performing analysis of variance using distance-based matrices of resemblances among samples (Anderson, 2001) , and was conducted using the R package vegan (Oksanen et al., 2015) . Since PERMANOVA is vulnerable to confounding of mean and variance effects, we also fit multivariate generalized linear models with negative binomial error distributions to untransformed abundance data using the ManyGLM procedure in the R package mvabund (Wang, Naumann, Wright, & Warton, 2012; . This relatively new procedure fits separate univariate generalized linear models to the abundances of each taxon, and then derives a multivariate sum-of-likelihood ratios test statistic to test for group differences across taxa.
To determine how environmental conditions linked to summer community changes were related to longer-term community changes, we also examined community composition from annual winter censuses of longitudinal panels in relation to environmental parameters.
Using PERMANOVA and ManyGLM, we determined how much variation in composition was attributable to environmental conditions, using daily mean temperature and outflow averaged over the month preceding each census. Species composition on longitudinal panels from each (approximately monthly) timepoint in the first longitudinal panel set (2004) (2005) (2006) (2007) was not analyzed formally due to low sample sizes, as increasing numbers of panels were lost over time.
For the winter storm simulation experiment, we used PERMA-NOVA and ManyGLM to compare community composition between salinity treatments using methods similar to those described above, but with the experimental salinity treatment as the predictor variable.
3 | RESULTS
| Sessile invertebrate community changes
The sessile invertebrate communities that developed during the summer (3-month) surveys differed radically across years, clustering into three major groups with strong bootstrap support (>97% approximately unbiased probability) that reflected differences in the previous winter's freshwater outflow levels (Figures 1 and 2a; Fig. S3 ).
ANOVA confirmed that winter-spring outflow differed among the years represented by these three clusters (ANOVA ter, with shifts in community composition evident (Fig. S1 ).
Summer community development thus followed three distinct tracks. First, when winter outflow levels were low (i.e., a dry winter, thus with relatively high salinities), the communities that developed during the following summer were dominated by the non-native solitary tunicate Ciona robusta (Figures 1b and 3 ; SIMPER results in Table 1 ). This pattern was especially striking during major droughts (2007-2009 and 2012-2013) , when C. robusta recruited heavily and overgrew other species to create near-monocultures. Species richness in the community during summer surveys was lowest during these dry years, and in wet years (Fig. S2) .
A second community development track occurred following winters with moderate freshwater outflow, when a diverse suite of species recruited throughout the year, forming communities with relatively high species richness (Figure 1; Fig. S2 ). Compared to low outflow years, there was much lower recruitment of C. robusta, while other non-native solitary tunicates (Ciona savignyi, Ascidia zara, and
Molgula manhattensis) and the introduced bryozoans Bugula neritina
and Bugulina stolonifera were most abundant (Figure 3 ; SIMPER results in Table 1 ).
In contrast, during wet winters (2006, 2011) , the existing communities suffered near-complete mortality when several series of large winter storms swiftly increased freshwater flow, drastically lowering salinity levels throughout the Bay and ultimately leading to the formation of a third distinct community composition (Figures 1, 2a and 3; SIMPER results in Table 1 ). Recruitment regimes were profoundly changed for up to 4 months after the cessation of high flow levels at the beginning of summer (Table 2 ; Table S1 ), suggesting that the lowered salinity acted to switch community development to an alternate track. The most common species from dry and moderate F I G U R E 2 Non-metric multidimensional scaling ordination plots of community composition. Each point represents the composition of one community in a given year, with the distance between any two points representing the difference between these two communities as defined by the Bray-Curtis dissimilarity metric (closer = more similar). (a) Summer community composition at Richmond from 2001 to 2013 grouped tightly depending on the previous winter/spring outflow regime. nMDS stress = 0.14. (b) Experimental tests of communities in a moderate year exposed to salinity levels matching extremes in wet (salinity 5), moderate (salinity 20), and dry (salinity 30) outflow regimes for 2 or 5 days confirmed that wet year salinity levels kill the existing community, and that subsequent recruitment determines community composition, just as it does on bare substrate. Exposure to simulated dry and moderate year winter minimum salinity levels has no effect. Durations (2 or 5 days) did not have a significant effect and are thus not distinguished in the figure. nMDS stress = 0.04 [Colour figure can be viewed at wileyonlinelibrary.com] failed to recruit and were replaced by a different suite of species that were previously absent or present only at very low levels, including colonial tunicates and encrusting bryozoans (SIMPER results in Tables 1 and 2; Table S1 ). During the course of this study, these species only occurred in high abundance following wet winters (2006 and 2011) (Table S1 ). Winter freshwater outflow levels thus appear to constrain the persistence and dominance of key species in these communities.
| Experimental simulation of winter conditions
Experiments simulating exposure to wet, moderate, and dry winter freshwater flow provided results consistent with our field observations, underscoring the effect of salinity on community assembly. In the wet winter simulation, the pre-existing community died off substantially, with developing community composition determined by subsequent recruitment. In contrast, communities exposed only to the dry-and moderate-winter salinities experienced no appreciable mortality, regardless of treatment duration, and were indistinguishable from controls that had been left undisturbed in the field (pseudo-F = 10.93, p = .0001; sum-of-LR = 23.82, p = .001 for salinity level; Figure 2b ; Table 3 ). This experiment confirmed the hypothesis that observed levels of low-salinity exposure "reset" community state, creating communities similar to those developing on new, bare substrate, and that low salinity alone can produce such an effect independent of other water quality factors that may vary with winter storms (e.g., temperature, suspended sediment). Meanwhile, communities exposed to less stressful environments were unchanged. Other water column factors, including temperature and suspended sediment concentrations, may also change when outflow increases following winter storms, but these factors were not correlated with the community changes in our time series (see Appendix S1 for suspended sediment results).
| Comparison of historical and projected future salinity levels
We estimated that the driest (2007) and wettest (2006) years in our study were within the upper quintiles for high and low salinities, respectively, from 1604 to 1997 in San Francisco Bay (Appendix S1).
We found that 19% of all years from 1604 to 1997 had lower average yearly reconstructed salinity than our wettest year (2006), whereas 20% of all years from this period had higher average yearly 
| DISCUSSION
As climate change is expected to significantly increase the frequency and magnitude of extreme physical conditions, it is imperative to understand the character and quantitative nature of ecological community responses. In our field surveys of summer sessile invertebrate communities spanning 13 years, we found three strikingly distinct community assemblages that were very strongly correlated with the previous winter's freshwater outflow, and our experimental approaches confirmed the causal mechanism for this relationship.
These distinct community compositions match predictions from a mechanistic framework proposed for community response to extreme events (Smith, 2011) , with compositional changes following events below the extreme response threshold (i.e., moderate years), and species losses and additions following events above the threshold (i.e., wet years). Our coupled observations of physical conditions and biological communities are consistent with the existence of a threshold beyond which wetter extremes in physical conditions resulted in large ecological community changes, beginning with significant or complete mortality of the existing community. Short of this threshold (i.e., in moderate years), we observed more gradual, but significant shifts in dominant species that resulted in major changes to community composition, as predicted by Smith (2011) .
These changes corresponded with shifts in recruitment (Table 2) although other ecological processes such as competition likely also play a role. Beyond the extreme event threshold, the loss of previously common species, including ecologically significant species such 
Ruiz, unpublished data).
Importantly, we note that the distinct community assemblages we observed in wet, moderate, and dry years are not alternative stable states, nor do they represent earlier or later succession stages (implying a single succession pathway). Instead, these assemblages represent points along alternative community assembly pathways governed by the severity of winter low-salinity disturbance. Succession in this community appears to most closely follow a modified form of Connell and Slatyer's (1977) tolerance model, in which any species that arrives at a patch of open space and is able to survive the conditions can settle first. Depending on that species' competitive abilities, it may retain the space, and in the absence of further disturbance or death, it can inhibit the settlement of later arrivals.
Weaker competitors would be replaced over time by any stronger competitors that survived the disturbance and are able to recruit to the patch again. Because of the interaction of such priority effects with competitive abilities, the path of community assembly for a newly opened bare patch (simulated by blank fouling panel Average abundance (percent cover on 14 9 14 cm panels) is given for each year type, with percent contribution to overall differences between groups. deployment) depends critically on (i) which species are able to survive a given low-salinity event, and (ii) which species are able to subsequently recruit quickly to the bare patch. We suggest that such alternate successional pathways are analogous to the different community responses indicated by Smith's (2011) extreme climatic event response model.
| Low-salinity events as drivers of community change
Our experimental results demonstrate that winter salinity changes alone are sufficient to drive the community changes observed following wetter winters, and our field results show that only lowsalinity events correlated well with the observed mortality events.
Although the summer outflow that communities experienced during development also correlated with summer community responses, we view this result as misleading because summer salinity conditions alone do not present a plausible mechanism for drastic community change. The highest observed summer outflow (lowest salinity) was still within the range of outflow produced by a dry winter (Fig. S4) ;
we observed little change in established communities during such periods, and our laboratory tests of such conditions did not show increased mortality. In contrast, sustained low salinity in wetter winters resulting from large cumulative outflow and a strong series of T A B L E 2 SIMPER results indicating species most responsible for differences in monthly recruitment between dry, moderate, and wet years at Richmond Marina (2004) (2005) (2006) (2007) (2008) (2009) 2011 Average abundance (percent cover on 14 9 14 cm panels) during winter-spring (February to May) and summer (June to October) is given for each year type, with percent contribution to overall differences between groups.
storms (as simulated in our experiment) is much more likely to drive large-scale mortality events such as those observed here in 2006 and 2011. Observations of longitudinal panels indicated that die-offs happened concurrently with such events, and not during the following summers. Atmospheric rivers are a prominent source of large, moisture-laden winter storms (Dettinger, Das, Cayan, & Carpenter, 2013) and have been shown to drive low-salinity events capable of causing mass mortality in wild Olympia oyster populations in San
Francisco Bay (Cheng, Chang, Deck, & Ferner, 2016) .
When disturbances such as low-salinity events are severe enough to eradicate the previous local-to-regional community, subsequent recruitment regimes are crucial for determining the character of the post-disturbance community, possibly leading to a community state change (e.g., Smith, 2011) . Our results showing that communities are dominated by new recruitment after low-salinity events agree with those of Ritter et al. (2005) , who used a series of short-term defaunation experiments of varying durations to simulate the effects of salinity stress-induced mortality on infaunal community development. While Ritter et al. (2005) did not identify the frequency or duration of salinity stress required to induce such defaunation, they showed that the recovery of defaunated areassimulated using defaunated trays of sediment-was dominated by recent recruitment from the surrounding communities. The depauperation experienced following a low-salinity event is analogous to a catastrophic disturbance with no survivors as defined by Platt and 999 permutations. Overall treatment effect pseudo-F = 10.93, p = .001. Panels with 6-week-old communities were exposed to salinity levels of 5, 20, or 30 for either 2 or 5 days in the lab, then re-deployed in the field. Duration of exposure and the interaction between duration and salinity level were not significant (p = .313 and p = .604, respectively), so pairwise comparisons are shown across both durations. Control panels ("CON") remained in the field for the duration of the experiment; bare panels ("BARE") were deployed when experimental panels were redeployed in the field. Community composition was assessed after 8 weeks, showing two distinct groups: although there were differences between salinity 5 and recruitment panels, these two treatments grouped together, separately from all other treatments. Bold values indicate significant differences between treatments at a = .05.
F I G U R E 4
Salinity extremes during the study period compared to probability density functions of reconstructed historical and projected future salinity levels. January to July surface salinities at Fort Point, at the entrance of San Francisco Bay, from 1604 to 1997 (Stahle et al., 2001 ), compared to the average of January to July salinities observed during the wettest year ( (Cloern et al., 2011) show shifts in the relative probability of extreme projected salinities under both scenarios, with more extremes relative to today and the reconstructed historical averages [Colour figure can be viewed at wileyonlinelibrary.com] e636 | Connell (2003) , in which directional species replacement occurs with new species colonizing and replacing the previous community.
Our results suggest that new recruits may not come from local sources following severe low-salinity events in San Francisco Bay.
The rapid onset of low-salinity events, coupled with the limited distribution and short larval duration of many dominant taxa in this fouling community, suggests that swift recolonization of these same taxa following local extirpation by low-salinity events would require one or several unlikely events: (i) recolonization from deep refugia habitats where hard substrate exists and salinity did not reach lethal levels; (ii) relatively long migration events from downstream populations that were less affected by low-salinity events; and (iii) transport of organisms from other locations via boat hulls or other human-aided dispersal mechanisms. We address each of these possibilities below.
First, our measurements of salinity levels and long-term panels at 4 m depth at Richmond also indicated high mortality and low-salinity levels, with long recolonization times, similar to results at 1 m depth, indicating that deep water refugia were unlikely to be a significant were taxa such as mussels, hydrozoans, and barnacles (Table S1 ) that tend to have longer pelagic larval durations (Strathmann, 1987) Estuary (Chang, Deck, Sullivan, Morgan, & Ferner, 2016) , a species which has a pelagic larval duration of days-to-weeks, the fouling community includes many sessile species with very short larval durations, including bryozoans and tunicates (e.g., Figure 3 ). The average larval duration for most such taxa is on the order of hours to a day (Strathmann, 1987) . In San Francisco Bay, most of these taxa, which live on hard substrates, are also confined to rocky shorelines, discrete short-lived larval stages may be possible during droughts, which afford a much longer, often multiyear window during which favorable conditions for survival coincide with hitherto uncolonized habitat. In addition, while most taxa in this community appear to prefer more marine, higher salinity conditions, they are found in bay environments, but not the adjacent outer coast (G. M. Ruiz, A. L. Chang, unpublished data; Wasson, Fenn, & Pearse, 2005) . This distribution, coupled with short larval durations, suggests that replacement of extirpated or locally reduced bay populations will not readily occur via larval influx from outside the bay, although recreational vessel traffic may help (e.g., Zabin et al., 2014) .
Our work shows that hard substrate-dwelling sessile invertebrate communities in the San Francisco Estuary are dominated by nonnative species, and that these new communities are extraordinarily sensitive to the greater interannual climatic fluctuations projected for the future. These results also illustrate how alterations to the water cycle can promote the success of introduced species in the downstream, marine portion of the estuary. Within a given year, water management lowers average flow volume and produces more stable spring and summer flows (Enright & Culberson, 2010; Knowles & Cayan, 2002) , while overall climate warming is projected to reduce average precipitation levels in some emissions scenarios (Cloern & Jassby, 2012) . We found that solitary tunicates (which all happened to be introduced species in this study) were especially dominant in conditions of low, stable outflow (Figures 1 and 3) , matching results from a previous study focused on the introduced solitary tunicate C. robusta (Blum et al., 2007) . In the fresher, more riverine portions of the estuary, low, stable outflows due to water diversions and drought are hypothesized to play a role in invasion dynamics (Marchetti & Moyle, 2001; Winder, Jassby, & Mac Nally, 2011) and increases in the abundance of high-impact invaders (Peterson & Vayssieres, 2010 (Cloern et al., 2007) . Meanwhile, zooplankton community composition has been correlated with El Niño-Southern Oscillation (ENSO) effects, including lowered salinity levels during wet winters associated with strong El Niño years (Bollens, Breckenridge, Vanden Hooff, & Cordell, 2011 California, Texas, Chesapeake Bay, and Jamaica all exhibited mass mortality in response to severe rainfall (Andrews, 1973; Goodbody, 1961; Gunter, 1955; Hoese, 1960; Lambert & Lambert, 2003; MacGinitie, 1939; Nydam & Stachowicz, 2007) . In each case, shellless and tube-less epifaunal invertebrates, including tunicates and bryozoans, were found to be most susceptible to low-salinity pulses.
Bivalves and gastropods that could withdraw into a shell, and tubicolous polychaete worms that could seek refuge in a tube were generally less affected, but did suffer extensive mortality with protracted low-salinity events (Andrews, 1973; MacGinitie, 1939) .
Low-salinity pulses have also been linked to altered predation regimes in shallow marine fjords (Witman & Grange, 1998) .
In estuarine and marine fouling communities, most work on the impacts of global change drivers has focused on changes in temperature regimes (e.g., Reinhardt, Whitlatch, & Osman, 2013; Sorte, Fuller, & Bracken, 2010; Sorte & Stachowicz, 2011 other variables in controlling community assembly variation will depend on the frequency and magnitude of extremes relative to background environmental variation. Such physical environmental variation will set the terms of community assembly on a broader scale, determining where and when different species can be present in the community depending on their physiological tolerances, and thus providing the players that will interact via local-scale processes such as competition, facilitation, and predation.
The power and potential of extreme variations in freshwater flow to alter communities is not limited to estuarine or marine systems;
for example, such events have also been correlated with long-term compositional shifts in desert communities (Thibault & Brown, 2008) , 
| Timescale of environmental variation and consequences for future communities
Despite large community-level changes across years, our analysis shows that the outflow variation driving these upheavals was only extreme on relatively short (decadal) timescales and is dwarfed by past observed and projected future variability. We estimated that the dry and wet years in our study were within the upper quintiles for high and low salinities, respectively, since 1604 (Appendix S1).
Many greater dry and wet extremes have occurred in San Francisco
Bay in the past 400 years and are projected to occur in the future (Figure 4 ) (Cloern et al., 2011; Dettinger, Hidalgo, Das, Cayan, & Knowles, 2009; Stahle et al., 2001) . While the increasing interannual variation in salinity levels during the past century has been attributed more to climatic changes than hydrological modifications (Enright & Culberson, 2010) , water diversions magnify year-to-year contrasts in winter and spring freshwater flows (Cloern & Jassby, 2012) .
Recent predictions of both heightened likelihood of drought (Diffenbaugh et al., 2015; Swain, 2015) and greater potential for floods (Das et al., 2011 in the American West indicate that the ecological responses described here are a preview of future conditions.
As the frequency of extreme events increases, what constitutes an "extreme" event will change, depending on the timescale considered (Smith, 2011) . Although Smith (2011) defines an "extreme climatic event" as one with ≤5% statistical probability of occurrence during a given time period, today's extremes are rapidly becoming tomorrow's norms as our climatic baselines shift and extremes occur with greater frequency and severity (Smith, 2011) . With increasing alteration of flow regimes, the switches between community types depicted here are likely to occur more frequently, and our work suggests that the cumulative effects of more frequent extremes may produce several longer-term directional shifts in average community composition. Populations of species with limited tolerance for environmental fluctuations or poor dispersal ability may not have sufficient time to recover between wetter winters, leading to local extinctions. Byrnes et al. (2011) suggest that such extinctions driven by greater storm frequency would lead to simplification of existing kelp forest food webs. More diverse moderate-year communities may occur less frequently as the conditions for their development are "squeezed out" by more frequent dry and wet years (Fig. S2 ).
We speculate that multiple wet years in a row would especially favor increased incidence of colonial species in this system as well as increase the likelihood of local extinctions of some dominant dryand moderate-year taxa. These possibilities exemplify the effects of strong abiotic filters that can restrict species in a community to a narrow range of trait values, thus driving shifts in composition (Chase, 2007; Cornwell & Ackerly, 2009; Jung et al., 2013) .
Rapid shifts between extremes in physical conditions also are likely to result in fluctuating resource availability, which in turn may facilitate invasions by new species (Davis, Grime, & Thompson, e638 | 2000; Diez et al., 2012; Jim enez et al., 2011 (Carlton, Thompson, Schemel, & Nichols, 1990) . Further work could fruitfully examine the ways community assembly is influenced by environmentally mediated shifts in resource availability and associated ecological processes, such as competition or predation.
Since many of the species recorded in this study can have significant effects on ecosystem functioning, including water filtration, alterations to their prevalence over time are likely to change the average functional properties of the community over the long run (Byrnes & Stachowicz, 2009 ). These changes, in turn, will likely alter the appearance and functioning of estuaries and other systems significantly. The links between outflow and community type demonstrated here would allow greater prediction of the likely functional abilities of the community in a given year, but it remains to be seen how rapid alternation between radically different communities may affect average ecosystem functioning on longer timescales. The exact nature of this relationship between environmental change and ecosystem function must be elucidated to better predict the outcomes of anthropogenic modifications to both hydrology and our global climate system.
In conclusion, we have demonstrated that even relatively modest, decadal-scale physical extremes in freshwater flow can produce extraordinarily large variation among years in sessile invertebrate community composition and abundance in San Francisco Bay.
Freshwater has long been a treasured commodity in the American West and other arid ecosystems worldwide (Barnett et al., 2008) , and its provision and use will remain a subject of intense debate.
As further alteration to our climate and freshwater flows are all but inevitable in the coming years, we must continue to aim for a better understanding of the ecological consequences of these changes.
